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Abstract 



Using the unitarity, SU{2) and C-invariance of hadronic interactions, the bounds on final 
state phases are derived. It is shown that values obtained for the final state phases relevant 
for the direct CP-asymmetries Acp{B^ K^it~ , K^ir^) are compatiable with experimental 
values for these asymmetries. For the decays B'^ — > D'^*^~'k^ {D^*^^7t~) described by two 
independent single amplitudes Af and vlj with differnt weak phases (0 and 7) it is argued 
that the C-invariance of hadronic interactions implies the equality of the final state phase 
5f and S'j. This in turn implies, the CP-asymmetry is determined by weak phase 

(2/3 + 7) only whereas ^ ~ = 0. Assuming factorization for tree graphs, it is shown that 
the B — > D^*^ form factors are in excellent agreement with heavy quark effective theory. 
From the experimental value for ) , the bound sin(2/? + 7) > 0.69 is obtained 
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and I I ^_ « -(0.41 ±0.08) sin 7 is predicted. For the decays described by the 

amplitudes Af Aj such as B^ — > /o+vr" : Aj and B^ — > p^-n^ : Af where these 
amplitudes are given by tree and penguin diagrams with differnt weak phases, it is shown 

that in the limit 5, ^ ^ 0,rr fCos6f j = cos a and = % ^% = — , 
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Introduction 



The CP asymmetries in the hadronic decays of B and K mesons involve strong final state phases. 
Thus strong interactions in these decays play a crucial role. The short distance strong interactions 
effects at quark level are taken care of by perturbative QCD in terms of Wilson coefficients. The 
CKM matrix, which connects the weak eigenstates with mass eigenstates, is another aspect of 
strong interactions at quark level. In the case of semi leptonic decays, the long distance strong 
interaction effects manifest themselves in the form factors of final states after hadronization. Like- 
wise the strong interaction final state phases are long distance effects. These phase shifts essentially 
arise in terms of S-matrix which changes an 'in' state into an 'out' state viz. 

\fhn = S\f)^t = e'''f\f)out (1) 
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In fact, the CPT invariance of weak interaction Lagrangian gives for the weak decay B[B) — »• 
/(/) 

Aj =„„i {f\C^\B) = r]fe^''fAf* (2) 
Taking out the weak phase 0, the amphtude Af can be written as 

Af = e^'^Ff = e^'f'e'^^Ffl (3) 

Then Eq. ((21) imphes 

Af- = e-'^e^'^fF} = e-"*'Ff 

It is difficult to reliably estimate the final state strong phase shifts. It involves the hadronic 
dynamics. However, using isospin, C-invariance of S-matrix and unitarity, we can relate these 
phases. In this regard, following cases are of interest: 

Case (i): The decays 5° — > /, / described by two independent single amplitudes Aj and A'^ 
with different weak phases: 

Af = (/ l^vvl 5°) = e^'^Ff = e*V^^ |F/| 
A'f- = {f\C'y^\ B^) = e'^'F'f = d^' e^'f\F'f\ 

where the states |/) and |/) are C conjugate of each other such as states D'^*^^ -n^ [D^*^^ n^) ^ 
Di*^-K+{Di*^^K-), D-p+{D+p-). 

For case (i), there is an added advantage that the decay amplitudes Af and Aj are given by tree 
graphs. Assuming factorization for tree amplitudes, it is shown that the form factors /(f~'^(m^), 
Aq~^ {ml-), /+~^(mp) obtained from the experimental branching ratios are in excellent agreement 
with Heavy Quark Effective Theory (HQET). Hence factorization assumption is experimentally 
on sound footing for these decays. 

Case (n): The weak amplitudes Af Aj, 

Af = if \Cn>\ 5°) = [e"^'F,f + e^'t'^Fy] 
Af-={f\Cyv\B') = [e'^^F.f + e^'f'^Fy] 

as is the case for the following decays. 
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The C— invariance of S-matrix gives Sf = Sf which implies 

6f = 6'f, 6if = 6if, 62f = Sy 

2 Unitarity and Final State Strong Phases 

The time reversal invariance gives 

Ff =out {f\Cw\B^ =^n {f\Cw\BY (4) 



where is the weak interaction Lagrangian without the CKM factor such as V*^Vub- From 
Eq. (jlj), we have 



f; =out{f\s^Cw\B) 

= E ^njK (5) 
n 

It is understood that the unitarity equation which follows from time reversal invariance holds 
for each amplitude with the same weak phase. Above equation can be written in two equivalent 
forms: 

1. Exclusive version of Unitarity [H [2] 
Writing 

Snf = Snf + iMnf (6) 

we get from Eq ([5]) , 

lmFj = ^J2MnfFn (7) 

n 

where M„j is the scattering amplitude for f ^ n and F„ is the decay amplitude for B n. 
In this version, the sum is over all allowed exclusive channels. This version is more suitable 
in a situation where a single exclusive channel is dominant one. To get the final result, 
one uses the dispersion relation. In dispersion relation two particle unitarity gives dominant 
contribution. From Eq.©, using two particle unitarity, we get [1], 

Disc F{B ^ /') ^ f M},fF{B ^ f)dt (8) 

where t = — 2p^(l — cos^), \p\ ~ ^y/s. Eq.® is especially suitable to calculate rescattering 
corrections to color suppressed T-amplitude in terms of color favored T-amplitude as for ex- 
ample rescattering correction to color suppressed decay 5° — > TT^D^{f) in terms of dominant 
decay mode B^ — > TT^D^{f). Before using two particle unitarity in this form, it is essential 
to consider two particle scattering processes. 

SU (3) or SU (2) and C-invariance of S'-matrix can be used to express scattering amplitudes 
in terms of two amplitudes and M~ which in terms of Regge trajectories are given by 

-i-Kap(t)/2 

= P + f + A, = -Cp- T-TTois/soT^'^ 

sm 7rap(r)/2 

-2gp ^ {s/s,T^'^ (9) 

sm7ra(t) 

1 p—iTTa{t) 

M(-) = p + uj = 2C-. {s/s,r^'^ (10) 

sm7ra(t) 

For linear Regge trajectories, using exchange degeneracy, we have 

ap{t) = aAiit) = a^(t) = a fit) = a (0) + a't, 
apit) = ap{0) + a'p{t) , 

Cf = C^] Ca2=^Cp; Ci_j = Cp (11) 



We take ao ^ 1/2, a' ^ IGeV-^, ap{0) ^ l,a'p ^ 0.25GeV~^. Using SU{3) and taking 

IpD+D- = IpK+K-, we get Cp = -fp^+^.-fpj^+j^- = ip^+^~-ipD+D- = |7o> 7o = 7p^+^-;7o ~ 
72 [3]. Hence for tt^D^ or n^K^ scattering we get 

M = M(+) + M(-) = iCpe''\s/so) 

+272ze"'('"(^/^°)~'")*(s/so)'/' (12) 

where b = a'p\n{s/ sq) 

For 7rOD° ^ tt+Z}-, TrOi^o ^ 7r-ir+ 

-i7Ta{t)/2 

M = ±V2M(-) = ±z2V2Cp (s/sor^'^ (13) 

cosa(rj/2 

From Eq.(l8]) and (fT3l) with the use of dispersion relation, we obtain 

167r +^vr/2 ^-^(^fl+mijP s-m^ 

= -v^eA(fi° ^ 7r+D-)e*^ (14) 

We get e ^ 0.06, 9 ^ 33° by putting s ^ m| in ln(s/so). Now A(5° tt+D") = T. Hence 
with rescattering correction [6] 

A(5° -> 7r°D°) = — - V2eTe''^ 

v2 
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1 + tc'' 



(15) 



where 2b = C/T. Hence the final state phase shift 6c for the color suppressed amplitude 
induced by the final state interaction is given by 

e/6sin^^ ^ ^„ 

tan^c = T^TT n ^ 5c ~ 8° 16 

1 + e/bcosO 



with b ~ 0.174, which we get from 

1(5° ^ TT+Z}-) 1 



0.55 ±0.03 (17) 



r(5+^7r+D0) (1 + 26)2 
For —>■ TT^K^, the color suppressed T-amplitude with rescattering correction is given by 



-^C + V2eTe'^ = — 
V2 V2 



e 



1 - tC 



id 



18) 
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where 2b = C /T 0.37 [7j. Hence (5c generated by the final state interaction is given by 

ta„fc = +^^-fc«-r (19) 

1 — e/bcosO 

To conclude: The scattering amplitude M (s, t) for the two particle final state obtained in 
eq.(13) is used in the unitarity equation to generate the final state strong phase by rescattering 
for the color suppressed tree amplitude. 



2. Inclusive version of Unitarity [2] 

This version is more suitable for our analysis. For this case, we write Eq. 

7-1* C* I? \ ^ C* I? 



in the form 

(20) 



Parametrizing S-matrix as Sfj = S = ?7e^*^[5], < ?7 < 1, we get after taking the absolute 
square of both sides of Eq. ( l20l) 

(21) 



\Ff [{1 + r,^) - 2r/ cos 2(5; - A)] = Y.F^SlfF:,S^, ^ 



n,n' 



The above equation is an exact equation. In the random phase approximation [2], we can put 

|2 



We note that in a single channel description [Sj |8|: 

(Flux) in — (Flux) out = 1 — Ir^e^*^^ = 1 — 77^ = Absorption 

The absorption takes care of all the inelastic channels. 
Similarly for the amplitude Fj, we have 

The C-invariance of S-matrix gives: 

Sfn ={f\S\n) = {f\C-'CSC-'C\n) 
= {f\S\n) = Sj^ 

Thus in particular C-invariance of S-matrix gives 

% = S,f = ve'^^ 

Hence from Eq. fl2T|) . using Eqs. fl22]- l 25p . we get 

1 



.[(l + ^2)_2rycos2(5,.-A)]=p2,p2 



1 — r/' 



where 



|2 ' 



From Eq. fl26|) . we get 



sin(5;j- A) = ±^ 



2 - 1 
P >P 



l + r] 



1/2 



(22) 



(23) 



(24) 



(25) 



(26) 



(27) 



:28i 



The maximum value for p^,p^ is 1 and the minimum value for them is j;^. Hence we get the 
following bounds: 



V 



l + r] 

< 5fj - A<e 
-e < 5f-A<0 
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sm 



-1 



1 — rj 



(29) 
(30) 



From now on, we will confine our self to positve square root in Eq. fl28l) . 

The strong interaction parameter A and i] in the above bounds can be obtained from the 
scattering amplitude M{s,t) given in Eq.(12) obtain from Regge pole analysis. The s— wave 
scattering amplitude / is given by 



M{s,t) 



(31) 



For the scattering amplitude M = + M relevant for -k^ D , vr and tt+tt , we obtain from 
Eq.(|3T]) using Eq.(12) 



/ = fp + f, 



1 iC, 



0.12z + (-0.08+0.08Z) 
0.17i +(-0.08+0.082) 
0.16i+(-0.16±0.16i) 



+ 2 



IGvr ln(s/so) — ivr 



-1/2 



(32) 
(33) 



where we have used s ~ m\ ^ (5.27)^ GeV^. For Cp we have used the values of reference [2] 



whereas for C„ 
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lp-K+-K-lpK+K- = Ip-K+n-lpD+D- = 2^0 ^nd Cp = 7p^+^-7^^+^- = 7o 
irD, ttK and vrvr respectively. 

Using the relation S = rje^^^ = 1 + 2if, where / is given by -Eg. (33), the phase shift A, the 
parameter rj and the phase angle 9 can be determined. One gets 



ti+D-{ti-D+) : A 



-7°,r/ ^ Qm,9^ 2& 



^ -9°, 7]^ 0.52,9^ 29° 

^ -21°, 7] ^ OAS, 9 ^31° (34) 
Hence we get the following bounds 

< 6fj - A < 26° 

< 5/ - A < 29° (35) 
0<(5/-A<31° 

Further we note that for these decays, 6-quark is converted into c oiu quark : b c{u) +u+d{s). 
In particular for the tree graph, the configuration is such that u and d{s) essentially go together 
into a color singlet state with the third quark c{u) recoiling; there is a significant probability that 



n~K^ or TT^fsT" : A 

TT^TT^ : A 



71 U [71 U ) 

71- or 7r°/s:° 



7T 7T 



the system will hadronize as a two body final state [9]. This physical picture has been put on the 
strong theoretical basis flUl ITT] , where in these references the QCD factorization have been proved. 
For the tree amplitude, factorization implies 5j = 0. We, therefore take the point of view that 
effective final state phase shift is given by 5j — A. We take the lower bound for the tree amplitude 
so that final state effective phase shift 6^ = 0. Thus for 7r~^D~{7r~D~^), 5j = = 0. 
The decay n^K^ is described by two amplitudes [7j 

A{B° = -[P + e'^T] = \P\ [1 - re^(^+^+-)] (36) 

where 

p = - |P| e-'^'', T = \T\ e'^^, 5+_ = 5p, r 
The decay —* tt^K^ is described by the two amplitudes [7] 

^ 7r°K°) = — ^-\P\[1 + roe^(^+^««)] (37) 

where 

C=\C\e''^, 6oo = 6c + 6p, = ^ 

For these decays, we use the lower bounds in Eq.( l35|) for the tree amplitude so that the effective 
final state phase 6t = 0. The phase 6c is generated by rescattering correction and its value is -8°. 
For the direct CP asymmetries, the relevant phases are and 5oo- For the penguin amplitude, 
we assume that the effective final state phase 6p has the value near the upper bound. Thus we 
have ^ 29°, 5oo ~ 21°. 
Now [7] 




A /nO -r^+N 2r sin 7 sin 5 
Acp{B° n K+) = 



R 

R = 1 — 2r COS7 cos5+_ + (3^ 



Neglecting the terms of order r^, we have 



For 5° ^ Ti^K^ 



-AcpjB^ ^ n-K+) 

tan7tano+_ = (39) 

1 — R 



Acp{B'^ 7r°/s:°) = (i?o - l)tan7tan(5oo (40) 
Ro = 1 + 2ro cos 7 cos 5oo + '^oo 



Now the experimental values of Acp, R and Rq are |T2 



Acp{B^ 7r"ir+) = -0.101 ±0.015 (-0.097 ±0.012) 
Acp{B° 7r°A"°) = -0.14 ±0.11 (-0.00 ±±0.10) 
R = 0.899 ± 0.048 
Ro = 0.908 ± 0.068 
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where the numerical values in the bracket are the latest experimental values as given in ref [7]. 

With 6^ ~ 29°, we get from Eg. (1391) . 7 = (60 ± 3)°. However for ^ 20° which one gets from 

Eq.([28]) for = 0.65,7 = (69 ± 3)°.We obtain the following values for Acp(5° tt^K^) from 
Eqs.(l39l) and m\i 



n K 



Rq) tan Si 




' (l-i?)tan5 
-0.06 ±0.01, 5+_ 

5oo = 21° 
-0.05 ±0.01, 5+_ 
5oo = 12° 

We conclude: The phase shift ~ (20 — 29)° for -n^K^ is compatible with experimental 
value of the direct CP— asymmetry for n^K^ decay mode. For 7r"'"7r~,5+_ ~ 31° is compatible 
with the value (33±7^^o)° obtained by the authors of ref. [7]. Finally we note that the actual value 
of the effective phase shift (5/ — A) depends on one free parameter p, factorization implies 5j = 
i.e. (5/ — A = for the tree amplitude; for the penguin amplitude, 5j depends on p. However, from 
the experimental values of the direct CP-violation for 7r~K^, 7t~tt~^, it is near the upper bound. 

Finally we note that 7r+D~(7r~Z)+), 7r~i^+, 7r~'7r+ decays are s-wave decay whereas P° 
p+7r^(p~7r+) decays are p— wave decays. For p— wave, the decay amplitude 



/ 



167rs 
1 

167rs 



2f 

M{s,t){l + —)dt 
s 



, 



167r 
1 



1 2 1' 

h b"^ s 
1 



[s/so) 



ln(s/so) 



ITT 



-1/2 



1 9-^2 

tCpy{s/so) + —t—, , 

167rs 1677 ln(s/so 



s [ln(s/so) - 

^--—{sls,r'l^ + 0(^-) 
'o)-OT \s J 



to be compared with Eq. fl32|) . Now for the B ^ pre decay, only longitudinal polarization of p 
is effectively involved. Since the longitudinal p-meson emulates a pseudoscalar meson and if we 
assume same couplings as for pions, we conclude that the final state phase for pvr should be of the 
order 30°; in any case it should not be greater than 30°. The upper bound 5/ < 30° can be used 
to select the several possible solutions in Table-2 [Section-4] obtained from the analysis of weak 
decays B — >• p'^7i~ {p~7i~^). 



3 CP Asymmetries and Strong Phases 

In this section, we discuss the experimental tests to verify the equality (implied by C-invariance 
of S-matrix) of phase shifts 6f and Sf for the weak decays of B mesons mentioned in section 1. 
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is convenient to write the time-dependent decay rates in the form [T3| E] 
= e-^*|cosAmt (^\Aff - \Aj\^^ + (^\Af\^ - \Af\^ 



+2 sin Amt 



Im {e^''''^'A}Af) + Im (e'^''^^'AjA 



-rt 



cos Amt 



+2 sin Amt 



Im {e^''^^^A}Af) - Im (e'^'^'' AjAj^ } 



Case (i): Eqs. dH]) and (iSl) give 

[Tf{t) - Tj{t)] + [r^-(t) - Tf{t)] 



Ait) 



[Tf{t)+Tj{t)] + [Tfit)+Tf] 

^-L sin Amt sin (2</)j^/ — cj) — 



2|^/| 






1^/ 




1^;- 


|2 



[r/(t)+r,-]-[rxt) + r,] 
[r/W + f/] + [rKt) + f;] 
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/I 









1^/ 




1^; 


2 



COS Amt 



sin Amt cos 



COS 



{5j-l 



(j) j sin((5j 



The effective Lae; rangians Cy/ and Cy^ are given by (g = c/, s) 



w 



K6V;;[g7^(l-7')c][^7,(l-75)&] 



Hence for these decays 
and 



0' = 7 




Vm - 

Af = {D-n+ |£w| 5°) = 

= (i^+z};|/:w|i?°)=F/. 
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Thus, we get from Eqs. (H3i) — (H8ll for decays, 

2rD 



Ait) 



TT- sin AmBtsin (2/5 + 7) cos {5f — 5f 

1 + r n V 



+ 'D 



1 + 



cos Am^t 



l + rl 



sin Am cos (2/5 + 7) sin ( 5/ — 5 j 



2?^D . /o/Q , ^ (Ams/r) , 
^1^(2/5 + 7)-_^^-_^ cos(5^ - 6j] 



l + r 



D 



where 



For the decays. 



1 + (AmB/r)2 



\Ff\ 



we get. 



As (t) 



1 + 



1 — r 



sin Ams.t sin (2/3, + 7) cos (^5/^ - 5jJ 



l + r 



^ cos ArriBj sin ArriB^t cos (2/3, + 7) sin ( 5/^ — 5 



where 



\F,.\ 



We note that for time integrated CP-asymmetry, 

J7[^fs {t)-ffs{t)]dt 



AfL 



r [r/. (t) + f it)] dt 

— sm (2/i/, + 7) ■ ; — — cos 



The experimental results for the B decays are as follows [12] 

S-+S+ , 
S--S+ . 



-0.046 ±0.023 -0.037 ±0.012 -0.024 ± 0.031 ± 0.009 
-0.022 ±0.021 -0.006 ±0.016 -0.098 ± 0.055 ± 0.018 



where 



2 



1r£) I 

. , 2 sin(2/3 ± 7) cos((5/ - 5j) 
i + 

. , 2 cos(2/3 ± 7) sin((5/ - d'j) 
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For 5° ^ DI-K+, D;K+, D;K*+, replace ro ^ r^, p ^ p„ 6f 6f^, 5'j in Eq. (JMl). 

Since for 5°, in the standard model, with three generations, gives (3^ = 0, so we have for the 
CP-asymmetries sin 7 or cos 7 instead of sin(2/3 + 7), cos(2/5 + 7). Hence -B^-decays are more 
suitable for testing the equality of phase shifts Sf^ and as for this case neither nor cos 7 is 
suppressed as compared to the corresponding quantities for B^. To conclude, for decays, the 
equality of phases 6f and 6j for B^ gives 

^-^^^ =2rDsin(2/? + 7) 



2 

whereas for B^ decays, we get 

5_ + S+ 2ra 



2 

'^^ =0 (57) 



S— — S-\- 



(58) 

Corresponding to the decays 5° DjK^, D^K~ described by the tree diagrams, we have the 
color suppressed decays B^ D^K^, D^K^. For these decays, 

S- + S+ 2rDK 



- 2 sin(2/? + 7)cos((55o^o - Vi^o) 
-——^ = /^f cos(2/5 + 7) sin(550i^o - 5^o^o) 



TDK =Ri 



DK 



and the corresponding expression for 5^ D^4>, D^(^. For the color suppressed decays B^ 
D'^tt'^, D°7r°, we get similar expression as for B^ D~ti^ , D~^7r~ , with 

td = rD-7T-,5D-7T+,5ij-^+ replaced by r£,o^o, ^^o^o, 5^o^o 

To determine the parameter rD or r^^, we assume factorization for the tree amplitude [7]. 
Factorization gives for the decays B^ D^n^ , D*^tt~ , D'^p~ , D~^a~[: 

\Ff-\ = \fj\=G[Uml-ml)ft''{rnl),2UmB\p\At'''iral), 

2/pmBb1/r^(mJ),2/„,m^b1/^-^(a?)] (59) 

= \f'f\=G'[fo{ml-ml)ftHml),2fo^mB\p\f'''Hml,), 

2fnmB\p\A^-%ml),2fDmB\p\At'''{ml)] (60) 

G = ^\V^,\\Vcb\a,, a' = ^\V,d\\V^t\ (61) 

The decay widths for the above channels are given in the table 1 
where we have used 



a' 



llK^r ~ 1, U = ISlMeV^, = 209MeV, = 229MeV 



Decay 


Decay Width (10 ^ MeV x V^fcp) 


Form Factor 


rorm r actors n[w^ ') 


D^TT 


(2.281) l/o"" ""(m^)!" 


0.58 ± 0.05 


0.51 ± 0.03 


B^ D*+n- 


(2.129)|Ar-(m^)P 


0.61 ±0.04 


0.54 ±0.03 


5° ^ D+p- 


(5.276)|/f--(m^)|^ 


0.65 ±0.11 


0.57 ±0.10 




(5.414)|/r"Kjr 


0.57 ±0.31 


0.50 ±0.27 



Table 1: Form Factors 



Using the experimental branching ratios and 

iKbl = (38.3± 1.3) X 10"^ (62) 

we obtain the corresponding form factors given in Table 1. 
In terms of variables [Ti 



u! = V ■ V , V =v =1, t = q = + rrij^i^,) — 2mBm]y(,)UJ (63) 
the form factors can be put in the following form 



^B-D*^.^ mB + niD*,^ , / n aB-d*u\ trb + rriD' , , . 

A^,-^\t) = ^(^^{l^.)hj,M (64) 

Heavy Quark Effective Theory (HQET) gives [T4l [T5] : 

/i+(u;) = h^iyj) = hAoiuj) = hA^{uj) = IiA^iuj) = ((cj) 
where ({uj) is the form factor, with normalization ^(1) = 1. For 

J. 2 2 2 

t = m^,mp,m^^ 
= 1.589(1.504), 1.559, 1.508 (65) 

In reference [16], the value quoted for hAiijjj*^^^^) is 

|/^Ai«aJ| = 0.52 ±0.03 (66) 

Since uj*max = 1-504, the value for |/iyio('^max)l obtained in Table 1 is in remarkable agreement 
with the value given in Eq. (1661) showing that factorization assumption for nD^*^ decays is 

experimentally on solid footing and is in agreement with HQET. 

From Eqs. fl59|) and fl60|) . we obtain 

If' I 



~fn{m% - ml)ft''{ml) fn^f^-^ml,) fnA^'iml) 



X^Rb 



12 



(67) 



where 





\Vcd\ 


\Vd>\ 


\Vud\ 



X^Rb ^ (0.227)2(0.40) ^ 0.021 



(68) 



To determine rn, we need information for the form factors /,f ^{m'jj),/^ '^(m^),^^ ^{ni'jj). 
For these form factors, we use the following values [171 ITS] : 



Ao~''{0) = 0.30 ± 0.03, AQ~''{ml) = 0.38 ± 0.04 



(0) = /^-""(O) = 0.26 ± 0.04, ""(m^O = 0.32 ± 0.05, fo'^'imi) = 0.28 ± 0.04 



cB-7 



B-D(^2 



Along with the values of remaining form factors given in Table 1, we obtain 

r^w = [0.018 ± 0.002, 0.017 ± 0.003, 0.012 ± 0.002] 
The above value for r|) gives 



2(0.017 ± 0.003) sin(2/3 + 7) 



(69) 



(70) 



D*7 



The experimental value of the CP asymmetry for Z)*7r decay has the least error. Hence 

we obtain the following bounds 



sin(2/3 + 7) > 0.69 

44° < {2(3 + 7) < 90° 
or 90° < {2(3 + 7) < 136° 

Selecting the second solution, and using 2(3 ~ 43°, we get 

7 = (70 ± 23)° 

Further, we note that the factorization for the decay D*^7i^ gives 

f = \Vubms\fDi2mB\p\ft''i^lt) 
Using the experimental branching ratio for this decay, we get 



f. 



B-vr/ 2 



Dt 



/+ (0) 



7.7 ± 1.9 



On using 
we get 

Similar analysis for B^ 



/_f--(o) 



/- 



0.77 ±0.09 



Dt 



fm = 279 ± 79MeV 
Djn^ gives 

2 

= 2.72 ± 0.64 



(71) 
(72) 
(73) 



(74) 
(75) 

(76) 

(77) 
(78) 

(79) 



On using 



we get 



/(f'"(0) 



= 0.93 ±0.05 



fo, = 201 ± AlMeV 

Finally from the experimental branching ratio for the decay — > D^tt", we obtain 



/o^'~^'(0) = 0.62 ±0.18 
/io(l-531) = 0.55 ±0.16 



(80) 
(81) 



(82) 
(83) 



To end this section, we discuss the decays -B^ , D*~^K for which no experimental 

data are available. However, using factorization, we get 



r(S° ^ DtK-) = (1.75 X 10-''')\Vcbfo'~'''{m''K)\''MeV 
r(S° ^ D*+K-) = (1.57 X 10-^°)|K6<^"''*(m^)|'Mey 



SU(3) gives 



VaWfo'^'irnDl^ = (0.50±0.04) x 10"=^ 
(0.56 ±0.04) X 10-^ 



From the above equations, we get the following branching ratios 



r(4 



^B9 



= (1.94 ± 0.07) X 10-^[(1.96 ± 0.07) x 10" 



For 5° ^ D*+K- 



Hence we get 



ros = Rb 



Di 



B,-Dl 



[m 



- &\^~ )DtK = (0.41 ± 0.08) sin(2/?, ± 7) 
= (0.41 ±0.08) sin 7 



where we have used 



Rb = 0.40, 



fx ~ f 



1.75 ±0.06, /^'--^(m^O = 0.34 ±0.06 



K 



Bs-d: 



= 0.58 ±0.03 



[hoicul = 1.453) = 0.52 ± .03] 



(84) 
(85) 



(86) 



(87) 



(88) 



(89) 



(90) 
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4 CP Asymmetries for Af ^ Aj 

We now discuss the decays listed in case (ii) where Af ^ Aj. Subtracting and adding Eqs. ( H2i) 
and pri) . we get, 

^^4^^ — ^44 =Cf cos Amt + 5/- sin Amt 

= {C - AC)cosAmt + {S - AS)smAmt (91) 

Tf-{t) -Tf-{t) 

, , =Cf cos Amt + 5* f- sin Amt 

= {C + AC) cos Amt + + A^) sin Amt (92) 



where 



where 



Cf f = {C± AC) 



I . _ |2 I -r _ |2 

r(i ± Acp) ^^^^ 

Sjj = {S± AS) (94) 



CP 



Rf^CP ~ Rf^CP 



^/ = ^(r/ + f/), % = ^(r^- + f;) 



(95) 



A'cp = (96) 

A _ (r/- + r/)-(f/ + r,) 

- (r,-r,)-(r, + r,) ^^^^ 



(98) 



r = i?/ + (99) 
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The following relations are also useful which can be easily derived from above equations 



R 



f,f 



Rf + Rf 
Rj - Rf 



Rf + Rf 

Rf^cp + RfMjp 



Rf + R 



f 



-[{l±AC)±AcpC] 
[AC + AcpC] 

[C + AcpAC] 



(100) 
(101) 

(102) 



For these decays, the decay amplitudes can be written in terms of tree amplitude e"^^Ty and 
the penguin amplitude e*'^^P/: 



Af = e''''^e'^^Tf\[l+rfe'^'^p~'^^'^e'^f] 



Af = e'^^e'^^Tf] [1 + rje^^'^^-'^^^e^''/] 



(103) 



where r 



xP _ _ xT _ 



Af = e-^'^^e^^/ iTj I [1 + rfC-'^'^^^ 



A, 



e-i't'Te'^f \Tf-\ [1 + Tf-e-'^^p-^^'^e'- 



ForS'J 



p-7r+ : Af- 



p+TT- : Af- 
D*+D 



For5° ^ D*-D+ : Af] 5° 
Hence for — > p^7r+, B^ P^tt^, we have 

Af = \Tf\e+'^e'^^l 
A 



, = 



-13 



i(a+<5/)j 



where 



V 



\Tf-\e+'^e 
\Vtb\\Vtd 


\PfJ 


- Tf-e^^- 
_ Rt 


Pfj\ 






'PfJ 


Rb 


Pfj\ 



(104) 

(105) 
(106) 

(107) 
(108) 



and for B° D*'D+, B° D*+D-, we have 



iTfle^-^/'il-rfe^W")] 



(109) 



where 



Rf 



\P^-\ 



We now confine ourselves to B^{B^) p tt^jP^tt {p^Ti ,p ,vr+) decays only 
experimental results for these decays are |l2j as 



-- Rf + Rf- = (22.8 ± 2.5) x 10"^ 

^ -0.16 ±0.23, A{,p = 0.08 ±0.12 

C = 0.01 ±0.14, AC = 0.37 ±0.08 

^ = 0.01 ±0.09, = -0.05 ±0.10 

16 



. The 

(110) 

(111) 
(112) 
(113) 



= -r(l ± AC) (114) 



With the above values, it is hard to draw any rehable conclusion. Neglecting the term AcpC 
in Eqs. ffTonil and ffTOB . we get 

1. 
2' 

Rf -Rf = AC 
Using the above value for AC, we obtain 

Rf= (15.6 ±1.7) X 10-*^ 

i?/ = (7.2 ± 0.8) X 10"^ (115) 

We analyze these decays by assuming factorization for the tree graphs [TOl [11] . This assumption 
gives 

Tj = ff^2mBfp\p\UH) (116) 
Tf = fjr^2mBfMMml) (117) 

Using f+{ml) ^ 0.26 ± 0.04 and Aoiml) ^ Ao{0) = 0.29 ± 0.03 and |Kfe| = (3.5 ± 0.6) x lO^^, 
we get the following values for the tree amplitude contribution to the branching ratios 

rl^^'^ = (15.6 ± 1.1) X 10"^ = \Tjf (118) 
r*/^« = (7.6 ± 1.4) X 10"^ = |T/|2 (119) 



Now 



Rf 

Bf = = 1 - 2rf cos a cos Sj + rj (121) 

= = 1 -2r/cosacos5/ + rJ (122) 

Hence from Eqs. ( 11151) and 01191) . we get 

Bf = 1.00 ±0.12 

5/ = 0.95 ±0.11 (123) 
In order to take into account the contribution of penguin diagram, we introduce the angles 



ttgjj pT], defined as follows 



fj 



e-'^Ajj = lAjjle^'^'ff (124) 
With this definition, we separate out tree and penguin contributions: 



A - — p-^^A- —\A -Ip-*'^ — 14 



t-f \ A _ I ia-^'^ 

2iTfj sin a (125) 



,'^^+''^Afj-e-'^"+^^Afj = |A^j-|e-*("'>/~") - |Ajj|e'("'//-") 



{2iT f J- sin a)rfje'^f J 

2iPff sin a (126) 
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From Eq. (1125^ . we get 



Sisin2« ^ = 1 _ y/l-Ag2cos2af/; (127) 

f f 

sin 25 J J = -Af;^ (128) 

l_^l_^g2^os2af/; 



w 1 - -cos2af/. 
cos 25^ . = -^^ , ^ (129) 



From Eqs. (fT^ and (fM . we get 



1 - V 1 - Af;^' cos(2af'/. - 2a) 
^- = V '''^ (130) 

l_^l_^/;/2cos2a;/^ 



idl'L — a ) 



cosa- yi- Ag^cos(2a,^^ , 
'jfCosdfj= , = (l-jl) 

- A{jp cos 2af/y 



r^j-sin Sfj = ^ ^ (132) 

Now factorization implies [22] 
Thus in the limit 5j — > 0, we get for Eq. (11291) 



1 - A-^cP cos 2al'/^ 



= = 5^- (133) 



cos2a{/^ = -1, af/^ = 90° (134) 
rjj cos5jj = cosa (135) 



—Ajjp/ sma 
l + x/l-Ag' 



r,,,sin5,,,= ^^^^4^ (136) 



1 + y 1 - cos 2a 
l + Jl~A(iP 



rlj = ^ (137) 



cos' a + -^A(^^p sin^ a (138) 



_2 



The solution of Eq. (11351) is graphically shown in Fig. 1 for a in the range 80° < a < 103° 
for r^j = 0.10,015,0.20,0.25,0.30. From the figure, the final state phases 6f j for various values 
of rjj can be read for each value of a in the above range. Few examples are given in Table 2 

For a > 90°, change a^n — a, Sf—>7T — 6f. For example, for a = 103° 



r 



/ = 0.25, 5f = 154°, A[.p ^ -0.22 



0.30, 6f = 138°, ^ -0.40 



Tf = U.OU, = iOO , ^C7p 
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a 




^/ 


A^(jp —2r J sin 5/ sin a 


80° 


0.20 


29° 


-0.19 




0.25 


46° 


-0.36 


82° 


0.15 


22° 


-0.11 




0.20 


46° 


-0.28 


85° 


0.10 


29° 


-0.10 




0.15 


54° 


-0.24 


86° 


0.10 


46° 


-0.14 




0.15 


62° 


-0.26 


88° 


0.10 


70° 


-0.19 



Table 2: 



These examples have been selected keeping in view that final state phases S^ j are not too 
large. For A^jp, we have used Eq. (11361) neglecting the second order term. An attractive option 
is A{.p = A{.p for each value of a; although A{jp ^ A{jp is also a possibility. A{jp = A^^p implies 
r-f = rj, 6f = 6f-. 

/,/' 



Neglecting terms of order f, we have 



2 sin a(r/ sin Sf - t^f sin 5f) A[,p - fA^cp 
^CP YTF^ (139) 

2+2 

AC ^ ^ - ^__^(r;cos5j-r^cos(5;) (141) 

Now the second term in Eq. (I14ip vanishes and using the value of t given in Eq. fll20p . we get 

AC ^ 0.34 ± 0.06 (142) 

Assuming A^jp = A(.p, we obtain 

Acp = -\^Ap 

= (0.34 ±0.06) (-A^p) (143) 
4t2 

(1 + t^y 



C ^ -TTT^^cp ^ -(0-88 ± 0.14)4p (144) 



Finally the CP asymmetries in the limit 5jj 

Sf = S + AS = \ / 

^ T{l + Acp) 



-Jl-Cjcos6 (145) 



/ 
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Sf^S-AS 



r(i - Acp) 
- Cj sm{2alff - S) 



The phase S is defined as 



= yJl-C}cos5 (146) 

Aj = i^^/e^' (147) 
To conclude: 

The final state strong phases essentially arise in terms of S'-matrix, which converts an "m" state 
into an "owt" state. The isospin, C-invariance of hadronic dynamics and the unitarity together 
with two particle scattering amplitudes in terms of Regge trajectories are used to get information 
about these phases. In particular two body unitarity is used to calculate the final state phase 
5c generated by rescattering for the color suppressed decays in terms of the color favored decays. 
In the inclusive version of unitarity, the information obtained for s-wave scattering from Regge 
trajectories is used to derive the bounds on the final state phases. In particular, the value obtained 
for the final state phases 5+_ = 5^ f« 29° - 20° and 5oo = 5^ + 5^ 20°, 12° is found to be 
compatible with the experimental values for direct CP asymmetries Acp{B^ — > t:~ K'^ ,t:^K'^). 
For 5° ^ L)(*)-7r+(L'(*)+7r-), o'f^' K+{Di*^^ K') decays described by two independent 

single amplitudes Af,A^ and Af^, Aj with different weak phases viz. and 7, equality of phases 

Sf — Sj implies, the time dependent CP asymmetries 



sin(2/3(,)+7) (148) 



1 + 

= (149) 

An added advantage is that these decays are described by tree graphs. Assuming factor- 
ization, the decay amphtude Aj can be determined in term of the form factors /(f ~^(m^) and 
Aq~^' (ml.). The parameter r^c*) can be expressed in terms of the ratios of the form factors 
fDfo^''{mjj)/Ufo~^{ml) and fD*f+~''{m%.)/UA^-^\ml).FTom the experimental branching 
ratios, we have obtained the form factors /^""^(m^) and Aq~^ i^l-) which are in excellent agree- 
ment with the prediction of HQET. We have also determined r^*. For r^* we get the value 
td* = 0.017 ± 0.003. Using this value we get the following bound from the experimental value of 
s+±s^ for B° D*-TT+ decay: 

sin(2/3 + 7) > 0.69 

Using SU(3), for the form factors for B^ D*'~K'^{D*'^K~) decays, we predict 

= (0.41 ± 0.08) sin(2/3 + 7) 
= (0.41 ±0.08) sin 7 

in the standard model. 

In section-4, the decays B — > p^n^ (p^n^) for which decay amplitudes Aj and Af are given 
in terms of tree and penguin diagrams are discjussed. We have analyzed these decays assuming 



factorization for the tree graph. Factorization imphes 5j = In the hmit 5jj 0, we have 
shown that 

rf jcos6f j = cos a 



2 2 A f f2 ■ 2 

r J J ^ COS a + A'f^p sm a 



The first equation has been solved graphically, from which the final state phases 5fj corre- 
sponding to various values of r^j can be found for a particular value of a. The upper bound 
5fj < 30° obtained in Section-2, using unitarity and strong interaction dynamics based on Regge 
pole phenomonalogy can be used to select the solutions given in Table-2. Neglecting the terms of 



order j, we get using factorization 



AC = 0.34 ±0.06 



Finally, in the limit ^ 0, we get 



Sj_ _ s + ^s _ V ^ ~ ^/ 

With the present experimental data, it is hard to draw any definite conclusion. 
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Figure Caption: 

Plot of equation r/cos5(/) = cos a for different values of r. For 80° <a< 103°. Where solid 
curve, dashed curve, dashed doted curve, dashed bouble doted and double dashed doted curve are 
corresponding to r = 0.1, r = 0.15, r = 0.2, r = 0.25 and r = 0.3 respectively. 



22 



This figure "KMEMEJOB.jpg" is available in "jpg" format from: 



http://arxiv.org/ps/0909.2085v2 



